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1. INTRODUCTION
While existing specifications1 allow plastic design
methods to be employed for one and two story steel building
frames, adequate information is presently available for the
extension of plastic design methods to multi-story frames.
The desirability of plastic design concepts lies in the more
efficient use of steel and the relative simplicity of design
over traditional allowable stress design methods. 2
Since unbraced multi-story frames require adequate
lateral as well as vertical strength, composite steel-concrete
construction with its inherent increased stiffness of the floor
system should provide a more economical solution for unbraced
multi-story frames than pure steel construction. Specifications
of the American Institute of Steel Construction currently rec-
ognizes the use of composite beams, but only on an allowable
stress basis. 1
Recent research has been aimed at an extension of
simple plastic theory to continuous composite steel-concrete
beams. 3 ,sSuch an extension would require simple rules for the
determination of the ultimate moment and rotation capacities of
composite cross-sections in both the positive and negative moment
regions.
It has been shown experimentally that in the positive
moment regions the ultimate moment capacity is determined by
plastification of the steel beam or crushing of the concrete
slab. 10 In the negative moment regions the ultimate moment
capacity is determined by plastification of the steel beam and
the longitudinal reinforcing steel. It has also been shown
experimentally that large rotation capacities are available at
plastic hinge locations providing that secondary failures, such
as local buckling of the flange and web of the steel beam, can
be prevented. 3 ,4 While the results of previous investigations
may be used for the design of composite beams in both braced
and unbraced multi-story frames subjected only to gravity loads,
they may not be considered to be generally applicable for the
design of unbraced frames which are subjected to combined grav-
ity and lateral 10ads. 5
Figure 1 represents a distribution of bending moments
in one story of an unbraced multi-story frame which is subjected
to combined gravity and lateral wind loads. In the case con-
sidered it has been assumed that the lateral wind load is suffi-
ciently large so that positive bending moments will develop in
the beam at the leeward side of the joint, while the negative
bending moments will remain, as in the case of only gravity loads,
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on the windward side of the joint. Such a distribution of bend-
ing moments will determine four main regions which must be con-
sidered in an investigation of the ultimate strength behavior of
composite beams under combined wind and gravity loads. These
regions are shown in Fig. 2 and may be defined as follows:
Region 1:
Region 2:
Region 3:
The interior region in which cross-sections are
subjected to positive bending moments and com-
pressive forces act over the full effective slab
width at the ultimate moment capacity. The lee-
ward boundary of this section is determined by
the inflection point.
The positive moment region between Region 1 and
the cross-section adjacent to the leeward side
of the joint, where compressive forces act on a
reduced slab width. Adjacent to the column com-
pressive forces will be developed only between the
column face and the concrete slab, which is assumed
to be in contact with the column.
The negative moment region situated between Region
1 and the cross-section adjacent to the windward
side of the interior joint.
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Region 4: The negative moment region situated between Region I
and the cross-section adjacent to the windward
side of the leeward exterior joint.
Regions I and 3 do not differ appreciably from similar
regions of composite beams subjected only to gravity loads. It
is anticipated that the results of previous investigations3 could
be used to predict the ultimate moment capacity of cross-sections
within these two regions. However, since these previous inves-
tigations do not provide sufficient information on the expected
capacities of Regions 2 and 4, a pilot study was undertaken to
provide preliminary experimental data on the behavior of com-
posite beams within these two regions, as well as confirmation
of the behavior in Region 3.
This report will be concerned only with the behavior
of Regions 3 and 4. The purpose of this report is to summarize
the experimental program and to suggest suitable criteria which
will assure the attainment of the negative moment capacity of
a composite cross-section in these two regions prior to the onset
of local buckling of the steel beam. A report of the experimental
results obtained from Region 2 will be presented in Reference 6.
-~
Since in composite construction one flange of the
steel beam is connected to the concrete slab at close intervals
by means of shear connectors, there is assumed to be no local
buckling of the connected flange. Furthermore, since the beam
in the negative moment region is usually subjected to a steep
moment gradient and restrained by the concrete slab, it is as-
sumed that no lateral-torsional buckling of the cross-section
will occur.
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2. EXPERIMENTAL INVESTIGATION
2.1 Description of Test Specimens and Design Criteria
The experimental phases of this investigation consisted
of testing two test specimens, Jl and J2, under the applied loads
shown in Figures 3 and 4. Since the objective was to investigate
local buckling in Regions 2 and 4 (See Introduction) two speci-
mens were tested. Each test specimen consisted of two composite
steel-concrete beams rigidly connected to a steel column as
shown in the figures. Shear loading was applied to the columns
in order to simulate the column shears due to wind loads acting
on a real frame. No gravity loads were applied to the columns
or the beams.
In order to duplicate conditions found in a real frame,
a 16-in. wide spreader plate was welded to both column flanges
in each test specimen at the elevation of the concrete slab.
The spreader plates are shown in Figure 5. The use of the
spreader plates enabled a smaller column to be used in each test
specimen while maintaining an effective column flange width of
16-in. Figure 5 also shows that the column section at the joint
was stiffened substantially to insure negligible joint deformation,
thus eliminating this variable from consideration.
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Test specimen Jl was constructed so that the concrete
slab was discontinuous at the column (See Figure 4). In this
way, the negative moment region would simulate the windward side
of an exterior joint, previously designated as Region 4. Specimen
J2 was constructed with a continuous concrete slab through the
joint so that the negative moment region would simulate the
conditions present at the windward side of an interior joint,
previously designated as Region 3.
Two rows of 1/2 in. diameter by 2-in. high headed steel
studs were welded to the top flanges of the steel beams as shown
in Figure 6. Since a real multi-story frame could be loaded
laterally in either direction, the pattern of shear connectors
provided was symetrical about the column. They were spaced uni-
formly at 5-in. throughout most of the length of each beam in
order to duplicate practical spacings found in real frames. The
spacing was reduced near the exterior end of each beam in order
to simulate the boundary conditions in an actual structure and to
assure adequate capacity of the shear connection.
The two specimens were designed according to ultimate
strength theory. The negative moment region of specimen Jl was
proportioned based only on the plastic strength of the steel
beam. Since the slab and the longitudinal reinforcing bars in
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specimen Jl were not made continuous they could not sustain a
tensile force at the joint. In specimen J2 the negative moment
region wps designed based on the strength of both the pteel
beam and the steel reinforcing bars. The reinforcing bars
situated directly over the upper flanges of the steel beams
were not considered since these bars were not continuous in
either specimen. In both Jl and J2 the concrete in the negative
moment region was assumed to be fully cracked. Since there are
no existing recommendations for the effective width of concrete
slabs in composite beams which are designed on an ultimate
strength basis a slab width of 72 inches was used in order to
approximately conform with the maximum effective width require-
ments of the AISC Specifications.
2.2 Construction and Fabrication of Specimens
The steel fabrication for each test specimen was
identical, and details of the specimens are shown in Figure 6.
The two steel beams for each specimen were cut from the same
36 foot length of 16 WF 40 ASTM A36 steel beam. The original
beam was sectioned into thirds with the mid-section being used
for the control tests discussed in Section 2.4. The beams were
welded and fitted to the column flanges in the shop using full
penetration butt welds. Likewise, the bearing stiffners and
loading plates were welded and fitted in the shop.
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The stud shear connectors were also shop welded and
conform to the l~ecommendations for Material and for Welding
Steel Channel Spiral and Stud Shear Connectors" suggested by
the ASCE-ACI Joint Committee July 1964. All other welding was
performed in accordance with the AISC specifications - "Structural
Steel for Buildings".
Figures 7 and 8 show the formwork and the reinforcing
bar layouts. The slab, which was 4 inches thick to conform with
practical slab thicknesses, was reinforced with intermediate
grade reinforcing bars~ The corners of the slab were cut off
in order to accommodate the test specimens in the load frame.
The reinforcement provided was made as nearly identical to that
which would exist near the joint in a real frame.
Both slabs were formed simultaneously with plywood
forms being constructed to support the slabs. A timber bulk-
head was used to separate the slabs of the two specimens as
well as to form the discontinuity for specimen Jl. Figure 8
shows the two specimens as they were formed together but with
the plywood forms removed. The concrete for the slabs was transit
mixed and was proportioned for a 28 day compressive strength of
4000 psi. Consolidation was performed by internal vibration
along the slab as placement progressed. The final finish was
applied by hand trowelling. Four test cylinders were poured
during the casting of the slabs.
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The concrete in the slabs was moist-cured for 7 days.
The surface was covered with wet burlap and a polyethylene sheet.
The form was removed after 14 days; after which Jl was moved to
the testing bed.
2.3 Instrumentation
Figures 9 and 10 show the locations of the several
types of gages employed in the experimental phases of the
investigations. Four different types of instruments were used:
electrical resistance strain gages, dial deflection gages, level
bar rotation gages and slide bar extensometers. As shown in
Fig. 9, strains were measured on both sides of the web of the
steel beam at three levels, using SR-4 electrical resistance gages
as well as mechanical gage points with a 3 inch gage length
located symetrically about the electrical gages. A slide bar
extensometer, with a O.OOOl-in. dial gage, was used to measure
the elongation between the mechanical gage points. These mea-
surements were most accurate for determining the larger values
of strain. The electrical resistance gages were accurate until
plastification of the steel beam in the region of a gage occurred.
Figure 9 shows the location of the SR-4 electrical resistance
gages on the top of the concrete slab. No mechanical gage read-
ings were taken at these locations.
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Figure 10 shows the locations of the remaining
instrumentation for measuring slip, rotation and the onset
of local buckling. The amount of slip between the steel-con-
crete interface was measured by O.OOl-in. dial deflection gages.
The rotation of the joint was measured with a level bar gage
located at the center of the joint. Two O.OOOl-in. dial de-
flection gages were located on each side of the web and gave
an indication of the occurrence of local buckling in the neg-
ative moment region. These gages were placed between the upper
and lower flanges and they measured the relative deflection of
the two flanges.
2.4 Control Test Program
A test program was conducted to determine the mech-
anical properties of the materials used in the composite test
specimens. The physical dimensions were also obtained in order
to determine the section properties of the beams.
Table 1 presents the mechanical properties of the
16 WF 40 that were determined from tests of tensile specimens
which were cut from a 2-ft. length of the center 12-ft. length
of beam which remained after fabrication of the two composite
specimens. Three web and four flange tensile specimens were
tested using a 120 kip mechanical testing machine.
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The 4 standard 6-in. by 12-in. concrete cylinders,
which were cast during the fabrication of the slab, were tested
to determine the mechanical properties of the concrete. Table 2
tabulates the compressive strengths and moduli of elasticity
ascertained from these cylinder tests.
The remaining 10-ft. length of the 16 WF 40 steel beam
was tested as schematically shown in Figure 11. The purpose of
the control test was to determine the moment-curvature behavior
of the steel beam under a steep moment gradient, similar to that
which would occur in test specimens Jl and J2. This moment cur-
vature curve could then be compared with that obtained during the
testing of specimens Jl and J2. The load was applied to the con-
trol test beam by a 300 kip hydraulic testing machine, and the
instrumentation was similar to that used for specimens Jl and J2.
2.5 Load Program
Load was applied to the ends of the column in each
test specimen by means of hydraulic tension jacks as shown in
Figure 12. This load was measured using calibrated tension rods
placed between the tension jacks and the loading frame. These
rods are also shown in Figure 12.
A calibrated compression dynamometer was used to mea-
sure the beam reaction in the positive moment region as shown in
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Figure 12. The beam reaction in the negative moment region
however, was taken directly by the loading frame.
Load was applied to each test specimen in increments
which varied from approximately zero to 5 kips. Initially strain
controlled and thus the increments of load were fairly uniform.
However, as plastification of the beam occurred, the tension
jacks maintained a nearly constant load up to the development
of the moment plateau. The test specimens were unloaded and re-
loaded at various stages of testing due to problems resulting
from the test frame. Figure 4 shows a picture of the testing
set-up prior to testing beam Jl.
Due to the fact that the negative moment region had a
lower theoretical moment capacity than the positive moment region,
it was necessary to brace the former area in order to develop
plastification in the positive moment region. Figures 4 and 13
clearly show the purpose of this brace.
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3. TEST RESULTS AND ANALYSIS
Plastification of one cross-section does not necessarily
signify the limit of usefulness of a structure. The limit of
usefulness is considered to have been reached, in plastic design,
with the formation of a collapse mechanism. Thus, the sequence
of formation of the plastic hinges and the associated rotation
capacity requirement at each plastic hinge location is signif-
icant.
Figure 14 shows typical non-dimensionalized moment
curvature curves which represent the behavior in both the positive
and negative moment regions of a two span composite beam. Since
it is evident that the plastic hinge in the negative moment
region will form first, adequate rotation capacity must be pro-
vided at this hinge location in order to ensure the formation of
the positive plastic hinges and thus a mechanism. Hence, more
severe restrictions must be considered for the local buckling
characteristics of the plate elements at the negative plastic
hinge locations. They must be able to undergo large deformations
during plastification without experiencing a loss in load ca-
pacity.
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Existing criteria for predicting local buckling in
steel wide-flange beams subjected to combined bending moments
and axial load was developed by Geerhard Haaijer. 7 ,e Dr. Haaijer
used the incremental stress theory to solve the equilibrium
condition for an orthotropic differential plate element. Solving
this problem for an axially loaded plate also subjected to bend-
ing in the plane of the plate yielded criteria for predicting web
local buckling.
Figure 15 is a replot of Haaijer Figure 6.116 where
three curves are plotted for various ratios of maximum strain
to yield strain. Note that as the ratio of the maximum strain
to yield strain increases, the allowable web depth to thickness
ratio decreases. Thus, the greater the rotation capacity re-
quirement the more crit±cal local buckling becomes.
Figure 16 shows the theoretical curve developed by
Haaijer as well as his design approximation. The design approx-
mation shows that for the case of a bending member subjected to
zero axial load, the allowable depth to thickness ratio is
limited to 70. At the other extreme, Haajard chose a limiting
value of 43 on the basis that the web, under uniform compression,
does not have to go beyond the yield strain value. He pointed
out that to reach strain-hardening strain a lower value of 31
would have to be used.
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Haaijer, in deriving his design approximation, made
the following assumptions:
(1)
( 2)
( 3)
( 4)
d/d f = 1. 05
A/A = 2.0
w
A7 Steel
emf = 4.0
eo
Assumption number four is the crucial one. In order to make
this assumption, Haaijer had to do much experimental work.
Assumption number four says that for any wide-flange member, no
matter what the load condition is, if the width to thickness
ratios are such that the cross-section can undergo maximum
straining to four times the yield strain value the plastic hinge
can be formed. This is a very important criteria for it is the
key to developing a theory for predicting the occurrence of
local buckling. Note, however, that when shear connectors are
omitted in continuous beams, the anchorage of the slab subjects
the beam to axial force. In that case, the design approximation
in Figure 16 may. be used.
For composite members, however, the case is not quite
so simple for in any given structure the negative plastic moment
is not likely to equal the positive plastic moment. The key to
applying Haaijers theory to composite beams rests with determining
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some particular ratio of maximum to yield strain which will in-
sure adequate rotation for all cases to form a failure mechanism.
Analyzing some theoretical moment curvature curves
for varying wide flange members, it appears as though Haaijer
considered a plastic hinge to have formed if the section was
capable of reaching 98% of its theoretical plastic moment.
In other words, when a wide-flange reaches a maximum strain of
4 times its yield strain the associated moment with that par-
ticular curvature will, on the average, be approximately .98 M •P
Figure 17 summarizes the results of test specimens Jl
and J2 in the form of moment versus curvature plots. The curve
for the plain rolled of control beam was also included in order
to have a basis of comparison.
Specimen Jl behaved somewhere in between that of the
plain rolled beam and that of the composite beam J2. Since Jl
had discontinuity in reinforcing from the positive to the negative
moment region, it was predicted that it would not be able to
develop the full moment capacity for the composite section. While
Jl did exceed the moment capacity of the plain member, it was
only possible after very large deformations.
Figures 18 and 19 clearly show that local buckling did
occur in the negative moment region for both Jl and J2. While all
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three beams yielded at approximately the same moment, J2 did begin
to yield at a slightly higher moment due to the position of its
neutral axis. However, specimen J2 was not able to develop the
theoretical plastic moment based on the steel beam plus the
reinforcement, due to the occurrence of local buckling. If
stiffners had been provided, as was the case in beams CC-3F and
CC-4F of Ref. 4, it is probable that the plastic moment capacity
would have been attained.
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4. SU~Y
Thus in conclusion, from all available information at
present it appears as though local buckling in composite members
can be predicted by depth to thickness ratios for the web.
Specifically, if a composite section can develop enough curvature
to reach .98 M local buckling will not have prevented thep
formation of a hinge. Naturally the ratio of the maximum to
yield strain ascertained from the composite beam in order to
develop 98% of M could be very much larger than the value ofp
4 assumed to be correct for wide-flange members; however, Figure
15 indicates that even with an extremely large jump in maximum
strain ratios, the curve will not vary much. Thus, if a con-
servative theory was developed based on a maximum strain ratio
of infinity our criteria would not be very much different from
that for a ratio of 12 or 20 or even 50.
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5. TABLES AND FIGURES
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Property
TABLE 1
Mechanical Properties of 16 \'W 40
Flange Web
Yield Stress 36.4 l~si .40.0 ksi
. Modulus of Elasticity 29266.6 ksi 29900.0 ksi
Strain Hardening Strain .02520 in/in .02394 info~n
Strain Hardening Modulus 466 ksi 492 ksi
TABLE 2.
Mechanical Properties of Concrete
Compressive Strength 4110 ksi
Tangent r>lodulus 2480 ksi
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